Structural information on RNA, emerging more and more as a major regulator in gene expression, dramatically lags behind compared with information on proteins. Although NMR spectroscopy has proven to be an excellent tool to solve RNA structures, it is hampered by the severe spectral resonances overlap found in RNA, limiting its use for large RNA molecules. Segmental isotope labeling of RNA or ligation of a chemically synthesized RNA containing modified nucleotides with an unmodified RNA fragment have proven to have high potential in overcoming current limitations in obtaining structural information on RNA. However, low yields, cumbersome preparations and sequence requirements have limited its broader application in structural biology. Here we present a fast and efficient approach to generate multiple segmentally labeled RNAs with virtually no sequence requirements with very high yields (up to 10-fold higher than previously reported). We expect this approach to open new avenues in structural biology of RNA.
INTRODUCTION
RNA has become widely recognized not only as protein coding information carrier but also as an important regulator of gene expression such as riboswitches, miRNAs or large non-coding RNAs (1) . Although only 1.5% of the human genome encodes for proteins while 60-70% of it is transcribed into RNA, only 2% of the structures deposited in the Protein Data Bank account for RNA compared to 95% for proteins. NMR has proven to be a method of choice to solve RNA structures; however, large RNA structures are difficult to tackle due to the important spectral overlap observed in NMR spectra of RNA (2) . Segmental isotopic labeling of RNA is therefore essential to study RNAs of moderate to large size by NMR spectroscopy, especially in combination with measurements of residual dipolar couplings (RDC) and paramagnetic relaxation enhancement (PRE) (3) .
RNA segmental labeling can be also very useful for other biophysical techniques as site-specific incorporation of heavy atoms at internal positions within longer RNAs showed to have high potential for solving phases in X-ray crystallography (4, 5) . Similarly, single molecule experiments with RNA often require the incorporation of modified nucleotides at specific positions within a long RNA to study its structure or folding (6) . Therefore, enzymatic ligation between a short synthetic RNA containing the modified nucleotides and longer fragments produced by in vitro transcription is expected to become the method of choice for studying biologically important RNAs (7) . However, methods for incorporating modified nucleotides into internal positions of longer RNAs (>100 nt) for structural studies or segmental isotope labeling for NMR structural studies remain very timeconsuming, costly as the yield they provide is low and not always applicable because of the sequence-dependence of most protocols (8, 9 ) (see Supplementary Table S1) . Therefore, we have developed an alternative approach for segmental labeling of RNA. With this method, we can obtain very rapidly (5-7 days) high amounts (up to 10-fold higher than previously reported) of segmentally labeled RNAs without sequence requirement. The power of this method is demonstrated with a 72-nt non-coding RNA containing four stem-loops, for which we could obtain four distinct NMR samples in which only one of the four stem-loops is isotopically labeled. This could not have been achieved with current segmental labeling methods (Supplementary Table S1 ). For generating these four samples, only one labeled transcription reaction is required. We anticipate this method to become widely used in the emerging fields of structure determination of large biologically relevant RNAs by NMR and X-ray crystallography or of single molecule spectroscopy.
MATERIALS AND METHODS

Vector construction and plasmid amplification
The construct used for co-transcriptional cleavage of the RsmZ RNA is composed of a T7 promoter, an optimal transcription starting sequence (GGGAUC), an MS2 stem-loop structure (10), a HH ribozyme (11), the coding sequence for a truncated version (72 nt) of the RsmZ RNA of Pseudomonas fluorescence CHA0, a minimal sequence for recognizing the VS RNA in trans (12) and finally a BamHI restriction site for linearization (see Supplementary Figure S6 ). The MS2 stem-loop structure was included to extend the length of the fragment containing the HH ribozyme in order to obtain optimal separation from the RsmZ RNA during anion-exchange HPLC. To check that both HH and VS ribozyme are predicted to fold properly M-fold (13) was used to check the secondary structure of the whole transcribed RNA. The full construct was obtained by ligating an insert obtained by three consecutive PCR reactions into a pUC19 vector. To obtain the insert of around 300 nt we performed a first PCR reaction using only one overlapping primer pair and no template. After purification, this first PCR product was used as template for a second PCR reaction using primers extending on both ends. After a second purification, this extended primer PCR was repeated once by again using the product of the previous reaction as template for the next PCR to finally obtain the insert sequence of $300 nt. After sequencing, the plasmid was amplified by performing a large plasmid purification to obtain typically 5-8 mg of DNA. The plasmid was linearized using 0.2 U BamHI/ mg of DNA for overnight digestion.
The DNA sequence coding for the VS ribozyme RNA (12) was obtained with the same extended primer PCR as described above and was also cloned into a pUC19 vector. After its amplification, the plasmid was linearized with HindIII restriction enzyme.
RNA purification
All RNAs were purified by anion-exchange chromatography on a preparative Dionex DNAPac PA-100 column (22 Â 250 mm) at 85 C. Flow rate: 20 ml/min; eluent A: 12.5 mM Tris-HCl (pH = 8.0), 6 M urea; eluent B: 12.5 mM Tris-HCl (pH = 8.0), 0.5 M NaClO 4 , 6 M urea; detection at 260 nm; 30-75% B gradient within 18 min. Fractions containing the purified RNA were determined by 16% urea acrylamide gels and were liberated from urea and desalted by dialysis against water or by n-butanol extraction of the aqueous phase until RNA precipitation (14) . The precipitate was resuspended in few hundred microliters of water and freeze-dried overnight. The lyophilized RNA was dissolved into an appropriate buffer.
RNA transcription and co-transcriptional ribozyme cleavage
Transcription yields and ribozyme cleavage efficiencies were optimized on 40 ml small scale reactions with changing concentrations of MgCl 2 , plasmid DNA, NTPs and T7 polymerase and testing the influence of the addition of pyrophosphatase and/or GMP. The best condition has been scaled-up to a large-scale reaction of 20 ml, which contained 42.5 mM MgCl 2 , 4.5 mM of each NTP, 33 ng/ml linearized HH ribozyme plasmid, 10 mM separately transcribed VS RNA and 1.7 mM in-house produced T7 Polymerase in a transcription buffer containing 40 mM Tris-HCl pH = 8.0, 1 mM spermidine, 0.01% Triton X-100 and 5 mM DTT. After 4-6 h of transcription it was sufficient to heat the reaction mix to 65 C for 15 min to complete the ribozyme cleavage. The reaction was stopped with the addition of 100 mM EDTA pH = 8.0. After 0.22 mm filtration the RNA was purified by anion-exchange HPLC followed by n-butanol extraction and lyophilization.
The labeled NTPs were either purchased from Spectra Stable Isotopes or prepared according to the protocol from Batey et al. (15) . The NTPs were prepared by first extracting the nucleic acids with phenol/chloroform from 13 C, 15 N-labeled Escherichia coli cultures. After precipitation with sodium acetate and isopropanol, they were hydrolyzed with S1 nuclease. The separation of NMPs and dNMPs was accomplished on a boronate affinity gel column. The NMPs were converted to NTPs by an enzymatic phosphorylation. The NTPs were not separated. Finally, they were desalted on an additional boronate affinity column.
Sequence-specific RNase H cleavage
Sequence-specific RNase H cleavage was performed by annealing a 2 0 -O-methyl-RNA/DNA chimera to the site of ligation (16) . All chimeras used in this study are presented in Supplementary Figure S1 . The chimeras were designed such that the DNA segment is flanked by two 2 0 -O-methyl-RNA sequences of 3-9 nt. Except for the cleavage in SL2 only one chimera had to be designed to get only specific cleavage. For the cleavage in SL2 a chimera flanked by only three 2 0 -O-methyl-RNA nt 5 0 of the DNA segment yielded 30-40% unspecific cleavage occurring in SL4. Increasing the length of the 5 0 2 0 -Omethyl-RNA segment to 11 nt reduced the unspecific cleavage in SL4 to around 15% (see Supplementary  Figures S1 and S3 ). The best conditions for cleavage were determined by small scale reactions (typically 500 pmol RNA in 15 ml reaction volume) mainly optimizing the RNase H enzyme concentration [NEB, or in-house produced (17) ] and the ratio between the RNA and 2
0 -O-methyl-RNA/DNA chimera. The reaction temperature and the reaction time did not have a big influence on the cleavage efficiencies except for the cleavage in SL2, which has been run for 1 h at 4 C. All other reactions have been conducted for 1 h at 37 C. Most RNase H reactions could be performed using only 5% stoichiometric amount of 2 0 -O-methyl-RNA/DNA chimera. However, some reactions were less sensitive to unspecific cleavage when using stoichiometric amounts of chimera. For the large-scale reactions (20-200 nmol) the RNase H enzyme concentration had to be down-scaled 10 times compared to the small scale reaction to prevent potential unspecific cleavage. A typical reaction to cleave 200 nmol of RNA was performed in 6 ml volume containing 33 mM RNA, 1.65 mM chimera, 80 nM in-house produced RNase H in 50 mM Tris-HCl pH = 7.5, 100 mM NaCl and 10 mM MgCl 2 . The reactions were directly loaded onto the anion-exchange HPLC followed by n-butanol extraction and lyophilization.
RNA ligation using T4 RNA and DNA ligase Non-splinted T4 RNA based ligations were first performed on small scale reactions (typically 400 pmol RNA fragments in 10 ml reaction volume) mainly by optimizing the T4 RNA enzyme concentration (NEB) and testing the addition of BSA, whereas splinted T4 DNA based small scale ligation reactions (typically 200 pmol RNA fragments in 20 ml reaction volume) were performed by optimizing the T4 DNA enzyme concentration (NEB, fermentas or in-house), the reaction time, the reaction temperature and testing the influence of PEG-4000. The DNA splints, which were added in a 1.5-fold excess compared to the RNA fragments, were annealed to the RNA fragments prior to ligation. An overview of all DNA splints used in this study is presented in Supplementary Figure S1 . The best reaction conditions were scaled up for the large-scale reactions. A typical large-scale ligation reaction using T4 RNA ligase was 40 mM in both RNA fragments in 1Â NEB ligation buffer (50 mM Tris-HCl pH = 7.8, 1 mM ATP, 10 mM MgCl 2 , 10 mM DTT), 1x in BSA using 5 U T4 RNA ligase per nmol of RNA to be ligated. The reaction was performed for 2 h at 37 C. A typical large-scale ligation reaction using T4 DNA ligase was 10 mM in RNA fragments, 15 mM in DNA splint oligo, 10% PEG-4000 in 40 mM Tris-HCl pH = 7.8, 0.5 mM ATP, 10 mM MgCl 2 , 10 mM DTT using 50 U T4 DNA ligase (fermentas) per nmol of RNA to be ligated or 2 mM final concentration of in-house produced T4 DNA ligase. The reaction was performed for 2 h at 37 C. The reactions were subjected to HPLC purification followed by n-butanol extraction and lyophilization.
NMR spectroscopy
The lyophilized RNAs were dissolved into 250 ml Buffer containing 10 mM sodium phosphate at pH = 6.0 containing 10% 2 H 2 O with RNA concentrations of 0.2 mM. 1 H-15 N-hetero-nuclear single quantum correlation spectra (  1 H-15 N-HSQC) were recorded at 10 C on a 600 or 700 MHz Bruker Avance spectrometer equipped with a cryoprobe.
RESULTS
Principle of the method
Our approach is based on the transcription of two full-length RNAs with identical sequence, one isotopically labeled and one unlabeled ( Figure 1 ). The transcribed RNAs are flanked at the 5 0 -end by a hammerhead (HH) ribozyme in cis and at the 3 0 -end by the minimal sequence required by the Neurospora Varkud satellite (VS) ribozyme for cleavage in trans (11) (Step 1 in Figure 1 ). Both ribozymes (in cis or in trans) cleave co-transcriptionally leading to two homogenous termini, a 5 0 -hydroxyl and 2 0 /3 0 -cyclic phosphate for the full-length RNA. After purification, the two transcribed RNAs are subjected to site-specific RNase H cleavage with a guide 2 0 -O-methyl-RNA/ DNA splint yielding an acceptor fragment (5 0 -fragment) with two hydroxyl termini and a donor fragment (3 0 -fragment) with a phosphate at its 5 0 -end and a cyclic 2 0 /3 0 -phosphate at its 3 0 -end (18) (Step 2 in Figure 1 ). After separation of the two fragments of each cleavage reaction, the subsequent two cross-religations between the labeled fragment and the Figure 1 . Principle of the method comprising three reaction steps. The isotope labeled material is highlighted in red, the unlabeled material in black. In the 2 0 -O-methyl RNA/DNA chimera, the DNA is in dark blue and the 2 0 -O-methyl RNA in light blue. Figure 1 ). Each reaction step is followed by a fast and efficient denaturing anion-exchange HPLC purification followed by a n-butanol extraction or a dialysis to get rid of urea and salts. For a two-piece ligation, 5-7 days are required in total, whereas 2-3 days are needed for Step 1 (1 day transcription optimization, 1-2 days large-scale transcription and purification), 1.5-2 days for Step 2 (0.5-1 day RNase H cleavage optimization, 1 day large-scale cleavage and purification) and 1.5-2 days for
Step 3 (0.5-1 day ligation optimization, 1 day large-scale ligation and purification).
One main advantage of this method compared to others is that we can obtain from only one labeled transcription reaction two homogenous fragments, which are correctly engineered at all four termini ( Figure 1 after Step 2). This is essential to obtain the highest possible yields during the ligation step ( Figure 1 , Step 3) since no self-ligation or ligation in the wrong sequential order is possible and only the correct product can be obtained. Furthermore, there are no sequence restrictions on the identity of the fragments. A comparison of the principle of our method with the different published methods for segmental isotope labeling of RNA is shown in Supplementary  Table S1 . We will now demonstrate the practical feasibility of this method for a two-piece ligation by T4 RNA ligase and for a multiple ligation by T4 DNA ligase of a 72-nt ncRNA.
In vitro transcription, co-transcriptional ribozyme cleavage and purification by denaturing anion-exchange HPLC (Step 1)
Below, we demonstrate the applicability of the method using a truncated version of the ncRNA RsmZ from Pseudomonas fluorescens CHA0 (72 nt). In vitro transcription by T7 RNA polymerase was performed from a linearized plasmid coding for the ncRNA RsmZ flanked at its 5 0 -end by a HH ribozyme in cis (which has no sequence requirements at the terminus of the RNA of interest, when placed at the 5 0 -end) and at its 3 0 -end by an RNA sequence that can be cleaved by a VS ribozyme added in trans (11) (Figure 2a) . The VS ribozyme has a very minimal sequence requirement since it will cut efficiently after any nucleotide other than a cytosine. If a cytosine would be required at the 3 0 -end of the RNA of interest, the hepatitis delta virus RNA ribozyme could be used as it has no sequence requirements (20) . Both ribozymes cleave co-transcriptionally to a high extend and almost to completion after one thermal cycle (heating to 65 C for 10 min and subsequent cooling to 37 C for 1 h) without substantial degradation (Figure 2a) . Thermal cycling ensures proper folding of the ribozyme, which is necessary for an efficient cleavage. The VS ribozyme in trans has been added either as a separate linearized plasmid (which serves as template for the VS RNA transcription) or as a separately transcribed and purified RNA. The latter approach has the advantage to save isotopically labeled NTPs that otherwise would be used to transcribe the VS ribozyme from the plasmid. The yield of the RsmZ ncRNA was about 2-fold higher if the VS ribozyme was added as a purified RNA rather than cotranscribed.
The three-step approach of the entire protocol ( Figure 1 ) requires after each step (transcription, cleavage and religation) to separate and purify the different RNA fragments. The most commonly used purification method for large quantities of RNA needed for NMR spectroscopy is still polyacrylamide gel electrophoresis (PAGE) under urea denaturing conditions, which typically achieves single nucleotide resolution for RNAs up to 30 nt on a preparative scale (8, 9) . This procedure is laborious, suffers from low recovery yields and would be impractical for our three step segmental labeling procedure. We therefore use a fast purification method based on anion-exchange HPLC under denaturing conditions followed by n-butanol extraction or dialysis of the RNA to remove urea and salts. This approach has the advantage to allow the purification of large quantities of RNA within a few hours and to provide recovery yields >90%. To obtain optimal separation between the target RNA (72 nt) and the HH ribozyme (63 nt), we included a MS-2 stem-loop structure preceding the HH ribozyme to obtain a longer construct of 112 nt (see 'Materials and methods' section). We can easily separate the 72 nt target RNA from the different RNA products of the co-transcriptional ribozyme cleavage and of the VS ribozyme added in trans on a preparative scale (>200 nmol) (Figure 2a ). We expect to be able to separate fragments differing in length by <5-10 nt (for RNAs up to 150 nt), when smaller reaction scales are purified. We confirmed that the purified RNA has correctly engineered ends and is properly folded using electrospray ionization mass spectrometry (ESI-MS) (Figure 2b ) and NMR spectroscopy (Figure 4c ), respectively.
With this procedure, we obtained for the first step of our protocol 400 nmol of unlabeled RsmZ ncRNA from a 20 ml transcription reaction (at a concentration of 4.5 mM for each NTP). When using in-house produced labeled NTPs, we obtained around 230 nmol of RNA from a 20 ml transcription reaction. The lower yield for the labeled RNA is due to the non-stochiometric amount of the four different NTPs. However, we obtained >100 nmol of labeled RNA from a 5 ml transcription reaction with commercially available 13 C, 15 N-labeled NTPs.
Sequence specific RNase H cleavage (Step 2) and cross-religation using T4 RNA ligase (Step 3)
Step 2 of the protocol involves the cleavage of both the unlabeled and the labeled RNAs by RNase H. Here we will first demonstrate Step 2 and Step 3 of the method on a non-splinted two-piece ligation with T4 RNA ligase using only unlabeled material. In order to achieve sequencespecific cleavage, the RNA is hybridized with a 2 0 -O-methyl-RNA/DNA chimera composed mostly of 2 0 -O-methyl nucleotides interrupted by four deoxyribonucleotides (18,21) (Supplementary Figure S1) . The cleavage site on the RNA target is the phosphodiester linkage opposite to the 5 0 -end of the DNA segment of the chimera (Supplementary Figure S1) . In contrast to ribozyme and DNA enzyme mediated RNA cleavage, RNase H has the advantage to produce 5 0 -monophosphates and 3 0 -hydroxyls as termini (Figure 3b ). After sequence-specific RNase H cleavage of an unlabeled and of a labeled RNA followed by a purification (Figure 3a) , direct cross religation of the labeled and unlabeled cleaved products can therefore be done using T4 RNA or T4 DNA ligase (19) (Figure 3d ). The fact that both donor and acceptor fragments have correctly engineered ends prevents either a self-ligation or a ligation between two fragments in the wrong sequential order which improves the yield.
We first chose to cleave and religate within the loop of SL2 of the ncRNA RsmZ between A29 and C30 (Figure 3b and d) . After sequence-specific RNase H cleavage at this site, we obtained two homogenous fragments of 29 nt (5 0 -RNA) and 43 nt (3 0 -RNA) (Figure 3a ) containing correctly engineered ends as confirmed by ESI-MS (Supplementary Figure S2) . Because the sequence surrounding the cleavage site in SL2 is very similar to SL4, we observed also partial unspecific cleavage in SL4 leading to lower yields for the 3 0 -RNA (62%) compared to the 5 0 -RNA (85%) (Figure 3a , b and Supplementary Figure S3a, d) . However, sequence-specific RNase H cleavage in SL2 was close to 100%, when a construct missing SL4 was used (Supplementary Figure  S3b and at several sites on the full-length RNA and obtained no or only minor unspecific cleavage or degradation (Supplementary Figure S4) . The cleavage efficiencies were between 70 and 97% (Figure 4a ). Compared to other methods our approach requires 2 0 -O-methyl-RNA/ DNA chimeras that might be costly if obtained commercially. However, it must be mentioned that for most RNase H cleavage reactions small amounts of chimera compared to the RNA one to be cleaved are sufficient. For example, in order to cleave between SL1 and SL2 or between SL3 and SL4, only 5% of chimera compared to the RNA substrate was needed to obtain complete cleavage.
After purification of the two RNA fragments cleaved by RNase H, the 3 0 -RNA fragment was ligated with the 5 0 -RNA fragment using T4 RNA ligase. The RNA ligation efficiency was close to 100% using only 500 Units T4 RNA ligase for ligating 100 nmol of RNA for 2 h at 37 C (Figure 3c ). With such high yields for cleavage and ligation, we could potentially obtain by scaling up the transcription reactions to 20 ml up to 190 and 260 nmol for two segmentally labeled 72 nt RsmZ RNAs in only 5-7 days.
Successive RNase H cleavage followed by two-or threepiece ligations with T4 DNA ligase allows multiple segmental isotope labeling
We aim at understanding how the global regulatory protein RsmE is binding the ncRNA RsmZ, which contains several conserved binding consensus sequences ANGGA in loops of several RNA hairpins (22, 23) . However, the NMR study of the 72 nt at the 5 0 -end of this RNA in complex with RsmE has been hampered by the fact that all four stem-loops of this RNA contain very similar sequences leading to severe spectral overlap. We therefore require a method, which allows segmental isotope labeling of each SL separately and also allows to obtain yields high enough for NMR studies. In contrast to segmental isotope labeling methods of RNA published to date (Supplementary  Table S1 ), our approach offers this possibility.
To this end, we therefore started with two transcriptions, one of 20 ml 15 N-labeled and one of 60 ml unlabeled RsmZ RNA (Figure 2 ). Subsequently, we subjected the full-length 15 N-labeled RNA to three sequence specific RNase H cleavages to separate the four labeled stem-loops (SL) (Figure 4a ). First, we cleaved between SL2 and SL3 to obtain SL12 (40 nt) and SL34 (32 nt). After denaturing anion-exchange HPLC purification, the two fragments were cleaved separately by RNase H to obtain SL1 (16 nt), SL2 (24 nt), SL3 (18 nt) and SL4 (14 nt). Using our HPLC system, we could separate easily SL1 (16 nt) from SL2 (24 nt) (Supplementary Figure S4a) or SL3 (18 nt) from SL4 (14 nt) (Supplementary Figure S4b) generated during RNase H cleavage of SL12 (40 nt) or SL34 (32 nt) in preparative scales of >100 nmol, respectively. We expect to be able to separate also small RNA fragments (up to 30 nt) that differ in length by only 1 or 2 nt in a >100 nmol preparative scale. Although the chimera for RNase H cleavage must break down the secondary structures of both SL1 and SL2, we found that RNase H cleavage between SL1 and SL2 is close to 100% (88% yield after purification) (Figure 4a and Supplementary Figure S4 ). An overview of all cleavage efficiencies is shown in Figure 4a and all the chimera sequences used for sequence-specific RNase H cleavage is presented in Supplementary Figure S1 . We could confirm by ESI-MS that all fragments are homogenous and contain the correctly engineered ends (Supplementary Figure S2) . Similarly, we cleaved the unlabeled RNA into the necessary fragments required for the different cross-religations (Figure 4b) .
Although ligation by T4 RNA ligase can be highly efficient like in SL2 (Figure 3c and d) , T4 RNA ligation is only efficient when both donor and acceptor fragments can be brought into close proximity via base-pairing. Furthermore, T4 RNA ligation is highly sequencedependent with preference for a purine at the acceptor 3 0 -end and a pyrimidine at the donor 5 0 -end (24) . Therefore, ligation with T4 RNA ligase revealed to be impractical for our purpose. To our aim, ligation with T4 DNA ligase with the help of a splint oligo at the ligation site appeared to be the method of choice since no preformed secondary structure bringing the acceptor and donor fragments into proximity is required (24) and since this is sequence independent with only marginal structure-dependence on the ligation efficiency. Such ligations by T4 DNA ligase in presence of a splint oligo have been shown previously to work efficiently also for highly structured RNAs such as tRNA (25) . Two two-piece ligations by T4 DNA ligase and splint DNAs were necessary to obtain RsmZ with SL1 or SL4
15 N-labeled with 75 and 53% ligation efficiency, respectively. To obtain RsmZ molecules with the internal SL2 and SL3
15 N-labeled, two three-piece ligations were necessary with 70 and 61% ligation efficiency, respectively. Note that for the three-piece ligation, only one reaction is required using the three pieces of RNA and the two DNA splints. With such high ligation efficiencies, yields between 90 and 150 nmol for each of the four segmentally labeled RNAs could be obtained from one 20 ml labeled and one 60 ml unlabeled transcription reactions within 7-9 days (Figure 4a and b) .
NMR evidences of this successful segmental labeling strategy are shown in Figure 4c . The overlay of the four 1 H-15 N-HSQC spectra recorded with the segmentally labeled RNAs is identical to the spectrum of the uniformly 15 N-labeled ncRNA RsmZ. This shows that the four segmentally labeled RNAs adopt the same fold as the uniformly labeled RNA (Figure 4c ). As expected, the spectra show that with segmental labeling, we can drastically reduce the number of resonances observed in one spectrum of this 72 nt RNA. With this approach, NMR structural information (NOE, RDCs) from each individual stem-loop of this RNA can now be measured unambiguously, which will be essential for studying this RNA in complex with several RsmE protein dimers.
DISCUSSION
Although several methods for segmental isotope labeling of RNA have already been reported in the literature, the reported low yields (<25 nmol of segmentally labeled RNA were obtained from 20 ml transcription with the method of Lukavsky and coworkers (26, 27 ) (see Supplementary Table S1 for a comparison of the different methods), or the sequence requirements at the sites of ligation [such as the need of a guanosine 3 0 to the ligation site (27) ], or the requirement that the different fragments to be ligated need to fold into a structure for efficient ligation (28) , or the tedious purification steps by PAGE or the need to use additional enzymes such as T4 polynucleotide kinase for engineering the 3 0 -and 5 0 -termini (8) resulted in a so far very limited use of segmental isotope labeling in NMR studies of RNA (29) .
We present here the principle of a fast, efficient and sequence-independent method for segmental labeling of RNA and its application on a 72 nt RNA that was isotopically labeled segmentally for NMR investigations. This method is based on a combination of co-transcriptional ribozyme cleavage, sequence-specific RNase H cleavage, cross-religation using either T4 RNA or T4 DNA ligase ( Figure 1 ). Although our approach requires one more step (RNase H cleavage) compared to other methods (27, 28) , it allows to purify the RNA after each reaction step by fast denaturing anion-exchange HPLC, which makes this new approach much less time consuming (at least two to three times faster) and also provides much higher yields (up to 10-fold) compared with the most recently published methods (Supplementary Table S1 ). Using RNA ligation by T4 RNA or T4 DNA ligase, we can obtain, starting from only two 20-ml transcription reactions (one labeled and one unlabeled), between 190 and 260 nmol for two segmentally labeled RNAs, in which only one of the two fragments is isotopically labeled within just one week. It has to be mentioned that this high yield is barely sequence dependent compared to all methods published so far, in which the sequence of the different fragments has a large influence on the final yield (Supplementary Table S1 ). Most importantly, this method is flexible enough to allow not only to ligate two differentially labeled fragments but also to introduce any labeled fragment within an unlabeled RNA via three-or more-piece ligations. Within <10 days, we can produce four segmentally labeled RsmZ RNAs, in which only one of the four stem-loops embedded in this RNA is 15 N-labeled at a time. Between 90 and 150 nmol can be obtained for these four RNAs using T4 DNA ligase for the ligation. Another important advantage of our method is that there are virtually no sequence requirements at the sites of ligation and that only two transcription reactions are needed, one with labeled NTPs and one with unlabeled NTPs. The method is flexible as any new ligation site can be introduced by just performing a new splint directed site-specific RNase H cleavage followed by cross-ligation, which prevents the need for recloning or even doing a new transcription reaction. Producing a new segmental labeled RNA sample with a different ligation site can therefore be performed within 2-4 days. Considering that RNase H cleavage and splinted T4 DNA ligation have been shown to be practical and efficient also for highly structured RNAs such as tRNA (16, 25) , our method is expected to be efficient for virtually any RNA.
We therefore expect our method to be applicable outside NMR spectroscopy. In the context of RNA structure determination by X-ray crystallography or of single molecule studies by fluorescence spectroscopy, our method could be used to incorporate short synthetic RNA fragments containing modifications for heavy atom binding at specific sites to help phasing (4, 5) or for fluorescence labeling at defined positions (6), respectively (Supplementary Figure S5) . Similarly, site-specific incorporation of modified nucleotides for attaching a paramagnetic tag to measure PRE by NMR (30) or for introducing a paramagnetic center for distance and dynamics measurements using EPR spectroscopy (31) could also be done using this method.
In summary, we present a fast and efficient method allowing segmental labeling of RNA sequenceindependently at multiple sites with up to 10-fold higher yields than previously reported. The possibility to introduce via two-or more-piece ligations any labeled fragment within an otherwise unlabeled RNA in only 5-9 days makes us confident that this new approach will be widely used and could have a high impact in the field of structural biology of RNA.
